University of Alabama in Huntsville

LOUIS
Theses

UAH Electronic Theses and Dissertations

2018

Ambiguity of high PRF waveforms in time difference of arrival
passive detection systems
Mark Thomas Fleming

Follow this and additional works at: https://louis.uah.edu/uah-theses

Recommended Citation
Fleming, Mark Thomas, "Ambiguity of high PRF waveforms in time difference of arrival passive detection
systems" (2018). Theses. 252.
https://louis.uah.edu/uah-theses/252

This Thesis is brought to you for free and open access by the UAH Electronic Theses and Dissertations at LOUIS. It
has been accepted for inclusion in Theses by an authorized administrator of LOUIS.

ACKNOWLEDGMENTS

Writing this thesis was difficult and time consuming but also a great learning
process. This thesis would not be possible without the help of many people with
whom I would like to thank personally. I would like to thank Dr. Budge for his time,
suggestion of topic, and technical guidance. Also, I would like to thank Dr. Joiner
for her guidance throughout the whole process of my Master’s degree.
This thesis would not have been possible without the support of my family.
I would like to thank my mother and father for providing support through many
difficult moments in this process. Finally, I would like to thank my son, Zander,
whom this work is dedicated to. My hope is that he can learn that anything is
possible through dedication and work hard.

v

TABLE OF CONTENTS

List of Figures

viii

List of Tables

x

List of Symbols

xi

Chapter
1 Introduction

1

2 Time Difference of Arrival Passive Detection System

3

2.1

Derivation of TDOA Multilateration Equations . . . . . . . . . . . .

3 Receive Pulse Correlation Algorithms
3.1

13

Generic Pulse Correlation Algorithm . . . . . . . . . . . . . . . . . .

15

3.1.1

Generic Pulse Correlation Algorithm Description . . . . . . .

15

3.1.2

Maximum Time Difference . . . . . . . . . . . . . . . . . . . .

18

3.1.3

Minimum Time Difference . . . . . . . . . . . . . . . . . . . .

21

3.1.4

Maximum and Minimum Time Difference Simulation . . . . .

22

3.1.5

Definition of a HPRF Waveform . . . . . . . . . . . . . . . . .

25

3.1.5.1

HPRF Waveform Modes . . . . . . . . . . . . . . . .

27

Generic Pulse Correlation Algorithm Example . . . . . . . . .

28

Hongyuan Pulse Correlation Algorithm . . . . . . . . . . . . . . . . .

30

3.1.6
3.2

5

vi

3.2.1

Detailed Hongyuan Pulse Correlation Algorithm . . . . . . . .

4 TDOA Passive Radar System Simulation
4.1

5.2

40

4.1.1

Target Function . . . . . . . . . . . . . . . . . . . . . . . . . .

41

4.1.2

Passive Radar System Function . . . . . . . . . . . . . . . . .

42

44

LPRF Waveform Simulation . . . . . . . . . . . . . . . . . . . . . . .

45

5.1.1

LPRF Waveform Simulation Setup . . . . . . . . . . . . . . .

45

5.1.2

LPRF Waveform Simulation Results . . . . . . . . . . . . . .

46

Short Range Waveform Simulation with Generic Pulse Correlation Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

48

5.2.1

Short Range Waveform with Generic Pulse Correlation Algorithm Simulation Setup . . . . . . . . . . . . . . . . . . . . . .

49

Short Range Waveform with Generic Pulse Correlation Algorithm Simulation Results . . . . . . . . . . . . . . . . . . . . .

49

Staggered PRI Waveform Simulation with Hongyuan Pulse Correlation
Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

51

5.2.2

5.3

38

TDOA Model Structure . . . . . . . . . . . . . . . . . . . . . . . . .

5 Passive Radar Simulation Configurations and Results
5.1

31

5.3.1

5.3.2

Staggered PRI Waveform Hongyuan Pulse Correlation Algorithm Simulation Setup . . . . . . . . . . . . . . . . . . . . . .

52

Staggered PRI Waveform Hongyuan Pulse Correlation Algorithm Simulation Results . . . . . . . . . . . . . . . . . . . . .

52

6 Conclusions

56

7 REFERENCES

59

vii

LIST OF FIGURES

FIGURE

PAGE

2.1

TDOA System Setup. . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

3.1

Propagation Times for Waveforms from Target to Receive Stations. .

14

3.2

Block Diagram of Generic Pulse Correlation Algorithm . . . . . . . .

16

3.3

Maximum Time Difference between Receive Pulses. . . . . . . . . . .

20

3.4

Minimum Time Difference . . . . . . . . . . . . . . . . . . . . . . . .

22

3.5

Simulation Setup to Calculate Maximum and Minimum Time Differences 23

3.6

Maximum and Minimum Time Difference Scatter Plot . . . . . . . .

24

3.7

LPRF TDOA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

26

3.8

HPRF TDOA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

26

3.9

Short Range Waveform Pulse Train . . . . . . . . . . . . . . . . . . .

28

3.10 Pulsed Doppler Waveform Transmit Pulses . . . . . . . . . . . . . . .

28

3.11 Short Range Waveform Example Valid TDOAs per Pulse

. . . . . .

30

3.12 Block Diagram of Hongyuan Pulse Correlation Algorithm . . . . . . .

31

4.1

Side Receive Station Angles . . . . . . . . . . . . . . . . . . . . . . .

39

4.2

Passive Radar System Simulation Block Diagram . . . . . . . . . . .

40

5.1

Passive Sensor Setup and Target Trajectory . . . . . . . . . . . . . .

46

5.2

Calculated TDOA vs Actual TDOA . . . . . . . . . . . . . . . . . . .

47

5.3

LPRF Simulation Predicted vs True Target Position . . . . . . . . . .

48

viii

5.4

Transmit Pulse Time . . . . . . . . . . . . . . . . . . . . . . . . . . .

49

5.5

Average TDOA for each Center Station - Side Station Pair . . . . . .

50

5.6

Predicted Target Position vs True Target Position . . . . . . . . . . .

51

5.7

Ambiguous TDOAs for each Center Station - Side Station Pair vs True
TDOA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

53

Unambiguous TDOA for each Center Station - Side Station Pair vs
True TDOA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54

Predicted Tgt Pos vs. True Pos . . . . . . . . . . . . . . . . . . . . .

55

5.8

5.9

ix

LIST OF TABLES

TABLE

PAGE

3.1

Generic Pulse Correlation Algorithm Detection Structure . . . . . . .

17

3.2

Receive Time for Pulses 1 through 4 . . . . . . . . . . . . . . . . . .

33

3.3

Valid TDOAs for Pulses 2 through 4 . . . . . . . . . . . . . . . . . .

34

3.4

Sorted Valid TDOAs . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

3.5

Example Cj Values . . . . . . . . . . . . . . . . . . . . . . . . . . . .

37

x

LIST OF SYMBOLS

SYMBOL

PRF

DEFINITION

Pulse Repetition Frequency

HPRF

High Pulse Repetition Frequency

LPRF

Low Pulse Repetition Frequency

PRI

Pulse Repetition Interval

2D

Two-Dimensions

3D

Three-Dimensions

TDOA

Time Difference of Arrival

uTDOA

Unambiguous Time Difference of Arrival

MatLAB

Matrix Laboratory

MDS

Minimal Discernable Signal

PCA

Pulse Correlation Algorithm

xi

For Zander Thomas Fleming

CHAPTER 1

INTRODUCTION

Integrated air defense networks have become major threats to the United
States military and its allies. These networks integrate active and passive radar sensors to increase the reliability of their early warning sensors, and to improve the ability
of those sensors to provide an accurate air picture to advanced defensive weapon systems within the modern electronic warfare spectrum. Attacking air platforms have
integrated radar, communication, jamming, and identification systems that transmit
waveforms that can be received by passive location systems, even if the attacking
platforms are low observable platforms that utilize the latest radar evasion technologies. Passive systems are dangerous to the attacking platforms because the attacking
platforms have little to no knowledge that they are being tracked.
Even though passive systems are useful, they still have deficiencies. For Time
Difference of Arrival (TDOA) passive radar systems, one of these deficiencies is the
ambiguity that occurs in the TDOA position estimation equations when the waveform
from the target has a high pulse repetition frequency (HPRF) [1].
TDOA passive radar systems utilize multiple receive stations with different
geographical locations to receive pulses transmitted by a target. These received pulses
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are then processed and sent to a central processing station that attempts to calculate
the time difference between the received pulse at a peripheral station and the central,
reference station. Pulse correlation algorithms are utilized to correctly correlate the
received pulses at all stations to a single transmitted pulse. By correctly correlating
the received pulses, the pulse correlation algorithms reduces the error that occurs in
TDOA position estimation.
This thesis details the research, design, and simulation of a TDOA passive
radar system, utilizing a pulse correlation algorithm, operating with a target that
is transmitting a HPRF waveform. The design process consists of deriving a set of
multilateration equations that predicts the target’s position using the time differences
from multiple receive stations. The design process also details a pulse correlation
algorithm to ensure accurate TDOAs are calculated.
To test the multilateration and pulse correlation equations, this thesis details the results of simulation of a TDOA system utilizing the multilateration and
pulse correlation algorithms in a two dimensional (2D) coordinate system. Simulation results demonstrate that the pulse correlation algorithm is capable of mitigating
measurement ambiguities.
.
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CHAPTER 2

TIME DIFFERENCE OF ARRIVAL PASSIVE DETECTION SYSTEM

TDOA passive radar systems consist of multiple receive stations located at
different geographical positions. A nominal configuration for a TDOA system is
shown in Figure 2.1. The configuration includes a central (or reference) receive station
and multiple peripheral (or side) receive stations. The central receive station (1) is
located at the origin of a 2D, East-North, coordinate system. The two side receive
stations are labeled 2 for the left, side receive station and 3 for the right, side receive
station. Also, Figure 2.1 shows a target transmitting a waveform that is received by
all three receive stations. The red lines represent the propagation of the pulse from
the target to each receive station and the green lines represent the propagation of the
side stations’ processed RF data to the central receive station.
The receive stations record the characteristics of a pulse received from a target,
i.e. receive time, frequency, pulsewidth, and power. These pulse characteristics are
then transferred to a central receive station(also termed the central processing station)
and are processed to determine target location. To process the pulses, the central
processing station must determine which pulses received by the side stations match
the pulse received by the central receive station. If receive pulses from different

3

Figure 2.1: TDOA System Setup.

transmit pulses are used to calculate the TDOAs, the target location will not be
accurate.
If a target transmits a HPRF waveform, determining the correct receive pulses
to utilize to calculate target position becomes very difficult, and leads to errors in
the estimated target position. The process of ensuring the correct receive pulses
are utilized to calculate target position is called pulse correlation. To be able to
study the effectiveness of the pulse correlation algorithms detailed in Section 3.1 and
Section 3.2, a set of TDOA multilateration equations are first derived. The TDOA
multilateration equations are based on the derivations in [2] and [3].

4

2.1

Derivation of TDOA Multilateration Equations

Let the target position relative to the central receive station be represented by
XT = [x, y] or XT = [x, y, z] depending on the number of dimensions of the coordinate
system. For this thesis, only a 2D coordinate system will be considered, therefore,
the target position vector is XT = [x, y].
The position vector representing the ith receive sensor in the 2D coordinate
system is
XTi = [xi , yi ] ,

(2.1)

where i = 1, 2, 3, shown by Figure 2.1. The range between the target position, X,
and the ith receive sensor is
ri = |X − Xi |

(2.2)

q
ri = (X − Xi )T (X − Xi ).

(2.3)

or

Using the definition of range in equation (2.2), the range from the target to the center
receive station (i = 1) is
r1 = |X| .

(2.4)

The center receive station is located at XT1 = [0, 0].
The time it takes for a pulse to travel from the target to the ith receive station
is
τi =

5

ri
c

(2.5)

where ri is given by equation (2.2) and c is the speed of light, c = 299, 792, 458 m/s.
The difference between the pulse arrival times at the center receive station and a side
station is
∆τi = τi − τ1 .

(2.6)

Equation (2.6) is the time difference of arrival, or TDOA. The time difference can be
converted to a distance by


di = c (∆τi ) = c ×

ri − r1
c


= ri − r1 .

(2.7)

With the above definitions, we can begin the development of the multilateration equations that will be used to calculate an estimated target position. We utilize
the relationship in equation (2.7) and rearrange the terms to write

ri = r1 + di .

(2.8)

Squaring both sides of equation (2.8) yields

ri2 = (r1 + di )2 .

(2.9)

ri2 = r12 + 2r1 di + d2i .

(2.10)

or

From equation (2.3) and (2.4), ri2 and r12 are equal to
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ri2 = (X − Xi )T (X − Xi )



(2.11)

and

r12 = XT X.

(2.12)

Substituting (2.11) and (2.12) in equation (2.10) yields

(X − Xi )T (X − Xi ) = XT X + 2r1 di + d2i

(2.13)

XT X − XT Xi − XTi X + XTi Xi = XT X + 2r1 di + d2i .

(2.14)

or

Simplifying equation (2.14) and collecting like terms results in

−XT Xi − XTi X + XTi Xi = 2r1 di + d2i .

(2.15)

Since XT Xi and XTi X are equal, equation (2.15) reduces to

−2XT Xi + XTi Xi = 2r1 di + d2i .

(2.16)

Finally, equation (2.16) can be rearranged to yield

−2XTi X = −XTi Xi + 2di r1 + d2i
7

(2.17)

or
1
1
XTi X = XTi Xi − r1 di − d2i .
2
2

(2.18)

Since there are two side stations, i = 2, 3, (2.18) represents two simultaneous equations. Specifically,
1
1
XT2 X = XT2 X2 − r1 d2 − d22
2
2

(2.19a)

1
1
XT3 X = XT3 X3 − r1 d3 − d23
2
2

(2.19b)

Writing (2.19a) and (2.19b) in matrix form results in

AX = C − Dr1

where



(2.20)



T
X2 


A=
 ,
XT3

(2.21)

 
d2 

D=
 ,
d3

C=

1
(L − D
2

(2.22)

D) ,

(2.23)

and




|X2 |2 
,
L=


|X3 |2
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(2.24)

and

represents the Hadamard or Schur product [4] which is the element by element

product. The rows of the A matrix are the position vectors, XTi , for the side receive
stations. Specifically,




x2 y2 
.
A=


x3 y 3

(2.25)

D is a vector that represents the distance difference between the center receive station
and each side receive station. L is a vector of squared distances from the central
station to the two side stations.
A will be full rank [5], if, and only if, the position of the side receive stations do
not form a straight line with the central receive station. For this thesis, the positions
of the three receive stations are in a v shape with the central receive station (see
Figure 2.1). This ensures that A is full rank, and the inverse of A can be calculated.
Given this constraint on A, equation (2.20) can be solved for X as

X = A−1 (C − Dr1 ) .

(2.26)

All of the terms of equation (2.26) are known except r1 and X. Thus, to implement
(2.26), we need an equation for r1 in terms of the other, known, quantities.
Squaring (2.4) and utilizing (2.26) yields


T  −1

r12 = XT X = A−1 (C − Dr1 )
A (C − Dr1 )
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(2.27)

or
r12
Letting B =

h

A−1

T

= (C − Dr1 )

T

A−1

i

h

A


−1 T

A

−1

i

(C − Dr1 ) .

(2.28)

results in

r12 = (C − Dr1 )T B (C − Dr1 )

(2.29)

r12 = CT BC − CT BDr1 − DT BCr1 + DT BDr12 .

(2.30)

or

C and D are two element vectors and B is a 2x2 matrix, thus CT BD is a scalar.

T
Also, B is symmetric, so that CT BD = CT BD = DT BC. With this

r12 = CT BC − 2CT BDr1 + DT BDr12

(2.31)


DT BD − 1 r12 − 2CT BDr1 + CT BC = 0.

(2.32)

or

We can write equation (2.32) as the quadratic equation

ar12 − 2br1 + c = 0

(2.33)

a = DT BD − 1,

(2.34)

where
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b = CT BD,

(2.35)

c = CT BC.

(2.36)

and

Finally, equation (2.33) can be solved for r1 as

r1 =

b±

√

b2 − ac
.
a

(2.37)

Since the values of C, B, and D are known by the TDOA system, an estimate
of r1 can be calculated. As indicated by equation (2.37), r1 can take on two values.
In most cases, there will be a positive value and a negative value for r1 . Since r1 is
range, the positive value will be utilized when there is a positive and a negative value.
Another possible outcome is both solutions of equation (2.37) are complex numbers.
If this is the case, only the real parts will be considered for r1 assuming it is positive.
A third possibility is that both solutions are negative. This causes problems since
r1 represents the range from the central receive station to the target and a range
cannot be negative. Should this occur, neither of the solutions will be utilized and
the TDOA system will discard calculations that depend on the value of r1 . A final
possibility is that both solutions are positive. If there is an active track of a target,
the two positive ranges will be compared to the range of the track, and the closest of
the two positive ranges will be utilized for the value of r1 . If there is not an active
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track, then there is not a good way to guess which range is the best, and the system
will discard calculations that depend on the value of r1 . Once an estimated value
for r1 is calculated, it is utilized in equation (2.26) to calculate an estimated target
position.
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CHAPTER 3

RECEIVE PULSE CORRELATION ALGORITHMS

In Chapter 2, multilateration equations were derived to calculate an estimated
target position. These multilateration equations utilized TDOAs calculated by comparing the receive time of pulses that arrive at multiple receive stations. In the
modern, complex RF battlefield environment, it is extremely difficult to ensure that
pulses received by multiple receive stations are from a single transmit pulse.
An example configuration of the TDOA system and a target, with all propagation times, is shown in Figure 3.1. The propagation time between the target and
each receive station, i = 1, 2, 3, is given by equation (2.5) and is τi =

ri
,
c

where ri is

the range from the target to the ith receive station and c is the speed of light. The
side receive stations process their receive pulses and relay the pulse data to the center receive station. This data includes the receive time, pulse frequency, and receive
station ID.
The propagation times between the side receive stations and the center receive
station are
τi−1 =

13

ri−1
,
c

(3.1)

where i = 2, 3 and ri−1 is the range from the ith receive station to the center receive
station.

Figure 3.1: Propagation Times for Waveforms from Target to Receive Stations.

In this thesis, the process of ensuring that the receive pulses are from the
same transmit pulse is called pulse correlation. To calculate accurate TDOAs for the
receive pulses, a pulse correlation algorithm is utilized to determine which TDOAs are
valid and which TDOAs can be disregarded. Two pulse correlation algorithms were
explored. These algorithms were tested to demonstrate the effectiveness when a single
target transmits HPRF waveforms. These algorithms are termed the Generic Pulse
Correlation Algorithm, detailed in Section 3.1, and the Hongyuan Pulse Correlation
Algorithm discussed in Section 3.2.
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3.1

Generic Pulse Correlation Algorithm

The first pulse correlation algorithm is a generic approach utilizing basic information all TDOA systems can calculate. This information is the position data of
each receive station and the distance between the receive stations. The Generic Pulse
Correlation Algorithm assumes that the central receive station receives each transmitted pulse before it receives the pulse data for the same transmitted pulse from
the side receive stations. This is generally a valid assumption since the center receive
station always receives a transmitted pulse before the side stations due to the time
delay required for the side stations to process the receive pulse and send the receive
pulse data to the center receive station. The Generic Pulse Correlation Algorithm
utilizes a minimum expected TDOA and a maximum expected TDOA, defined in
Section 3.1.2 and Section 3.1.3, to create a time boundary to perform the correlation
of receive pulses.

3.1.1

Generic Pulse Correlation Algorithm Description
Receive pulse data from the side receive stations is transmitted to the central

receive station. This is where the TDOA system uses that data to calculate estimated
target position. The Generic Pulse Correlation Algorithm processes every pulse received from every receive station, in the order of receipt at the central receive station,
to calculate a valid TDOA to use in the multilateration equations. A block diagram
of the Generic Pulse Correlation Algorithm is shown in Figure 3.2.
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Figure 3.2: Block Diagram of Generic Pulse Correlation Algorithm

The correlation algorithm utilizes a software structure, termed a detection
structure, to organize the receive pulse data and store the TDOA values calculated
for each possible receive pulse. The form of the detection structure is illustrated in
Table 3.1, where Rx T ime1 is the receive time of a pulse received at the central receive
station, T DOAs1−2 is the calculated TDOA value for all valid TDOAs for receive
station 2 relative to the central receive station, and T DOAs1−3 is the calculated
TDOAs for receive station 3 relative to the central receive station. F requency is
the RF and P ulseW idth is the pulsewidth of the receive pulse originally received at
the central receive station. The frequency and pulsewidth of each pulse originally
recieved by a side receive station is compared to the frequency and pulsewidth in the
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detection structures to help ensure that the receive pulses are from the same source
in a multiple target scenario. If multiple targets are transmitting on different RFs
or utilizing different pulsewidths, the Generic Pulse Correlation Algorithm will keep
the TDOAs for each target in separate detection structures. Since the focus of this
thesis is the ambiguity of HPRF waveforms from a single source, the frequency and
pulsewidth are not considered further.

Table 3.1: Generic Pulse Correlation Algorithm Detection Structure
Detection Structure
Rx T ime1
T DOAs1−2
T DOAs1−3
F requency
P ulseW idth

The first step of the correlation algorithm takes the first pulse received at the
central receive station and determines the original receive station for that pulse. This
is done by examining the original receive station ID included in the receive pulse
data package discussed previously. If the pulse was originally received at the central
receive station, the algorithm initializes a new detection structure and records the
receive time in the Rx T ime1 variable. This creates an active detection structure.
A new detection structure may only be created from a pulse that was originally
received at the central receive station. Once a new detection structure is established,
the correlation algorithm waits until the next receive pulse data is received at the
central receive station.
17

The algorithm repeats step one to determine the original receive station of the
new receive pulse data. If the receive pulse was originally received at a side receive
station, the correlation algorithm checks each active detection structure and calculates
the TDOA, using equation (2.6), for that receive station pair. This calculated TDOA
value is compared to a minimum and maximum expected TDOA value for the receive
station pair, which is described in Section 3.1.2 and Section 3.1.3. If the TDOA is
greater than the minimum expected TDOA and less than the maximum expected
TDOA, the TDOA value is declared valid and stored in the active detection structure
that is being processed. If the TDOA value is less than the minimum expected TDOA
or greater than the maximum expected TDOA, the calculated TDOA is declared not
valid and discarded. The algorithm continues to loop through all active detection
structures and performs the above mentioned TDOA calculation and validity check
utilizing the minimum and maximum expected TDOAs. For each detection structure,
when the time has passed the maximum expected TDOA for each side-center station
pair, the valid TDOAs for each side-center station pair are averaged and utilized in
the multilateration equations. This process is repeated until all receive pulses have
been processed.

3.1.2

Maximum Time Difference
To demonstrate calculation of the maximum TDOA between receive stations,

the central receive station and the right receive station, or station i = 3 in Figure 3.1
will be considered. The maximum TDOA will occur when the pulse transmitted from
the target must travel the greatest distance to the side receive station, then travel to
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the central receive station. This occurs when the two receive stations are located in
a straight line with the target and the central receive station is closest to the target.
Figure 3.3 shows the configuration that results in the maximum expected TDOA.
The transmitted pulse will travel the distance r1 , where the central receive station
will receive the pulse at time τ1 . The pulse will then travel the distance r3−1 , where
side station 3 will receive the pulse at time τ3 = τ1 + τ3−1 . Next, the side receive
station processes the receive pulse, which equates to a time delay equal to δ3 . After
the pulse is processed at the side station, the pulse data will be transmitted to the
central station, with a propagation delay of τ3−1 . Therefore, the total time for the
pulse to travel to the side station, be processed by the side station, and transmitted
to the central station is equal to τ3 = τ1 + τ3−1 + δ3 + τ3−1 . The TDOA between the
pulse originally received at the side receive station and the central receive station is
given by
T DOA = τ3 − τ1 = (τ1 + τ3−1 + δ3 + τ3−1 ) − τ1 .

(3.2)

Therefore, the maximum expected TDOA is given by

T DOAmax = 2 ∗ τ3−1 + δ3 ,

where τ3−1 is calculated using equation (3.1).
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(3.3)

Figure 3.3: Maximum Time Difference between Receive Pulses.
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3.1.3

Minimum Time Difference
To demonstrate calculation of the minimum TDOA between receive stations,

the same receive stations will be considered as in Section 3.1.2. The minimum time
difference of arrival will occur when the pulse transmitted from the target must travel
the shortest distance to the side receive station then travel to the central receive
station. This occurs when the two stations are located in a straight line with the
target, and the side receive station is closest to the target. Figure 3.4 illustrates this
configuration. The transmitted pulse travels the distance r3 , where the side receive
station will receive the pulse at time τ3 . The side receive station will process the
receive pulse data, which causes a time delay equal to δ3 . While the side receive
station is processing the receive pulse, the pulse travels to the central receive station,
with a propagation time equal to τ1 = τ3 + τ3−1 , since the stations are in line with
the target. The side receive station relays the receive pulse data from the side receive
station to the central receive station, with a propagation time equal to τ3−1 . The
TDOA is given by

T DOA = (τ3 + δ3 + τ3−1 ) − τ1 = (τ3 + δ3 + τ3−1 ) − (τ3 + τ3−1 )

(3.4)

T DOA = τ3 − τ3 + τ3−1 − τ3−1 + δ3 .

(3.5)

or
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Therefore, the minimum expected TDOA is given by

T DOAmin = δ3 ,

(3.6)

where δ3 is the processing time of the side receive station. The minimum expected
TDOA is equal to the time it takes for the side station to process the received pulse.

Figure 3.4: Minimum Time Difference

3.1.4

Maximum and Minimum Time Difference Simulation
The maximum and minimum time difference occurs when the receive stations

are located in the specified alignment referenced in Figure 3.3 and Figure 3.4; a simulation was created with the center receive station located at (0, 0)m in a East-North
coordinate frame and the right side receive station located at (1000, 0)m. A stationary target’s position was moved around a circle with a radius of 2000m. Figure 3.5
shows the simulated target’s positions as red dots, the center receive station’s posi22

tion as the blue dot, and the right side receive station’s position as the green dot.
The receive time was calculated at both the center receive station and the right side
receive station utilizing equation (2.5). The receive pulse at the right side station was
processed, transmitted to, and received at the center receive station, and the TDOA
was calculated using equation (2.7).

Figure 3.5: Simulation Setup to Calculate Maximum and Minimum Time Differences

The results of the simulation are shown in Figure 3.6, where the target position
markers are colored based on the TDOA between the two receive stations for that
target position ranging from a dark blue color for the smallest TDOAs to a bright
yellow for the longest TDOAs. The maximum TDOA equals 6.6712µs and occurs
when the target is at the position (−2000, 0)m confirming that the maximum time
difference occurs when the system is located in the configuration shown in Figure 3.3.
The minimum TDOA occurs when the target position is (2000, 0)m.
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Figure 3.6: Maximum and Minimum Time Difference Scatter Plot
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3.1.5

Definition of a HPRF Waveform
The Generic Pulse Correlation Algorithm uses a maximum and minimum ex-

pected TDOA to set bounds on determination of valid TDOAs. An example of the
bounds is shown in Figure 3.7, where the blue arrow is the time at which the center
receive station originally received the transmitted pulse, the green lines are the expected minimum and maximum TDOAs, and the red line is the only pulse originally
received by the side station where the TDOA calculated is greater than the minimum
expected TDOA and less than the maximum TDOA .
In Figure 3.7, only one TDOA calculated between all pulses received at the
center receive station and a side receive station falls between the expected minimum
and maximum TDOA boundaries. This represents a low PRF waveform with respect
to the TDOA system. A low PRF waveform for the remainder of this thesis is defined
as a waveform in which its PRI only allows one possible valid TDOA. Therefore, the
PRI for a LPRF waveform must be greater than the value of the maximum expected
TDOA. With this definition of a LPRF waveform, the Generic Pulse Correlation
Algorithm will calculate a valid TDOA for each pulse received by the TDOA system.

A HPRF waveform with respect to the TDOA system is any waveform where
the PRI is smaller than the expected maximum TDOA. This causes multiple TDOAs
to be calculated, however, not every TDOA is valid. This is depicted in Figure 3.8
where there are multiple TDOAs, the red lines, between the expected minimum and
maximum TDOA boundaries, the green lines. Ambiguity occurs in the determination
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Figure 3.7: LPRF TDOA.

of the correct, valid TDOA for a HPRF waveform transmitted by a single target.
Because there are multiple TDOAs, it is not possible to determine which, if any, are
valid.

Figure 3.8: HPRF TDOA.

A typical range between the center receive station and the side receive station
of a TDOA system is approximately 30000m. Based on equation (3.3), the typical
maximum expected TDOA is equal to T DOAmax = 2 ∗

30000
3e8

+ δ = 200µs, where

δ = 0. Therefore, in the remainder of this thesis, a waveform is considered to be a
LPRF waveform if the pulse repetition interval(PRI) is greater than 200µs. If the
target is transmitting pulses with a PRI greater than 200µs, then there will only be
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one TDOA value for a side-center receive station pair contained in each detection
structure. The Generic Pulse Correlation Algorithm will provide accurate TDOAs in
this case.
When the target is transmitting pulses with a PRI less than 200µs, there
will be multiple TDOA values present in a single detection structure. Thus, in this
thesis, a waveform is considered HPRF if the PRI is less than 200µs. In practice, the
classification of HPRF will be different for different passive detection configurations
because the maximum TDOA will depended on the TDOA system configuration.

3.1.5.1

HPRF Waveform Modes

In this thesis, two different types of waveforms that are considered HPRF from
the TDOA system’s perspective are considered. The first is a short range waveform
that uses a staggered PRI and the second is a medium or high PRF, pulsed Doppler
waveform [6]. The specific short range waveform considered in this thesis, consists of
three PRIs of 110µs, 100µs, and 80µs. The PRIs are cycled on a pulse by pulse basis
and the sequence of PRIs is repeated throughout the duration of the waveform. The
short range waveform is shown in Figure 3.9.
A pulsed Doppler waveform consists of a burst, or dwell, of pulses with an
equal PRI for a specific period of time, followed by another burst of pulses with a
different PRI. The PRIs are typically in the range of 5µs to 100µs. There can be a
wait time between the dwells, or the dwells can be stacked together. In this thesis, the
specific pulsed Doppler waveform considered consists of a dwell of pulses with equal
PRIs for 5ms, a wait period of 5ms, then another dwell of pulses with a different PRI.
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The pattern of a dwell followed by dead time is continued the entire time the target
is transmitting. An example of the pulsed Doppler waveform is shown in Figure 3.10.

Figure 3.9: Short Range Waveform Pulse Train

Figure 3.10: Pulsed Doppler Waveform Transmit Pulses

3.1.6

Generic Pulse Correlation Algorithm Example
If the TDOA system is able to recognize that the target is transmitting a

pulsed Doppler waveform, then the TDOA system can process the waveform on a
dwell per dwell basis. The algorithm to determine if the receive pulses are from a
pulsed Doppler waveform must be able to calculate the receive time of each pulse,
calculate the PRI of each pulse, determine that the PRIs of the pulses are the same,
and calculate the start and stop time of a dwell. This processing would take place
at each receive station, and if the conditions for a pulsed Doppler waveform are met,
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the receive time of the first pulse in the dwell could be utilized in the Generic Pulse
Correlation Algorithm. Since the length of a dwell is much greater than the maximum
expected TDOA (equal to 200µs), the Pulsed Doppler waveform would then act like
a LPRF waveform to the Generic Pulse Correlation Algorithm. Thus the Generic
Pulse Correlation Algorithm would be able to calculate an accurate predicted target
position. Thus, the pulsed Doppler waveform will no longer be considered in this
thesis.
For an example of the Generic Pulse Correlation algorithm, a target located
1km East and 20km North transmits the short range waveform defined in Section 3.1.5.1. This waveform will have multiple TDOAs for each pulse originally
received at the center station. The TDOAs for the first four pulses are shown in
Figure 3.11 where the TDOAs for P ulse2 are the blue lines, the TDOAs for P ulse3
are the green lines, and the red lines represent the TDOAs for P ulse4. The x axis
represents the value of the TDOA. A TDOA for each pulse is located at 118µs, which
is why a blue, green, and red line are all located on top of each other in Figure 3.11.
The Generic Pulse Correlation Algorithm averages all TDOAs per detection structure, per each pulse received originally at the center station, before calculating the
target’s predicted position. The average TDOAs for pulses 2 through 4 in Figure 3.11
are equal to 63.171µs, 111.50µs, and 78.171µs. Using (2.7), the actual TDOA for
a single pulse is equal to T DOA = 118.17µs. Since the average TDOA calculated
from the multiple TDOAs within a single detection structure are not equal to the
actual TDOA, the multiple TDOAs cause ambiguity in determining a valid TDOA.

29

Using these average TDOAs in the multilateration equations will lead to an erroneous
predicted target position.

Figure 3.11: Short Range Waveform Example Valid TDOAs per Pulse

3.2

Hongyuan Pulse Correlation Algorithm

The Hongyuan Pulse Correlation Algorithm is designed to mitigate the ambiguity in determining a valid TDOA associated with HPRF staggered PRI waveforms,
like the short range waveform previously described. The Hongyuan algorithm calculates an unambiguous TDOA from multiple ambiguous TDOA measurements for
one receive station pair consisting of the center receive station and one side receive
station. Since the passive radar system has multiple side-center receive station pairs,
the algorithm is repeated to calculate the unambiguous TDOA for each pair. The
unambiguous TDOAs for each side-center receive station pair are then utilized in the
multilateration equations to calculate target location.
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3.2.1

Detailed Hongyuan Pulse Correlation Algorithm
The Hongyuan algorithm calculates an unambiguous TDOA for a single side-

center receive station pair from multiple ambiguous TDOAs by adapting the range
resolve algorithm obtained from [7]. A block diagram describing the implementation
of the Hongyuan Correlation algorithm is displayed in Figure 3.12. The first step is
to calculate the value of all PRIs originally received by the central receive station.
Using these values, the correlation algorithm calculates all possible TDOAs for a pulse
originally received at the central receive station.

Figure 3.12: Block Diagram of Hongyuan Pulse Correlation Algorithm

31

The algorithm then compares the calculated TDOAs to the expected maximum
and minimum TDOA, and only keeps the TDOAs that are less than the maximum
TDOA and greater than the minimum TDOA. These TDOAs are called ambiguous TDOAs. Once all ambiguous TDOAs and associated PRIs are calculated, the
Hongyuan algorithm calculates the unambiguous TDOA from

uT DOA = N1 ∗ T1 + t1 = N2 ∗ T2 + t2 = N3 ∗ T3 + t3 ,

(3.7)

where Ti are PRIs, and ti are the ambiguous TDOAs.
The values of Ni are necessary to compute uT ODA. Calculating Ni is difficult
and noise further complicates the problem of finding the proper Ni s making (3.7)
difficult to solve. To solve the problem of finding uT DOA, the Hongyuan algorithm
adopts the one-dimensional cluster algorithm in [7] to calculate uT DOA. It does so by
ordering the ambiguous TDOAs, Ri , from smallest to largest to form what is termed
a 1D cluster. It then calculates the coefficients, Cj , in the 1D cluster algorithm using
i=j+m

Cj =

X

|Ri − R̄j |2 , j = 0, . . . , n − m

(3.8)

i=j+1

where the Ri are the corresponding ordered ambiguous T DOAτi , R̄j is the mean value
of the m Ri values, m is the number of PRIs, and n is the number of all ambiguous
TDOAs. R1 is the smallest sorted ambiguous TDOA and Rn−m is the largest sorted
ambiguous TDOA. For j = 0, R̄j would be equal to the mean value of R1 , . . . , Rm .
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That is
i=j+m
1 X
R̄j =
Ri .
m i=j+1

(3.9)

For j = 1, R̄ would be equal to the mean value of R2 , . . . , Rm+1 .
Each Cj represents a coefficient that denotes how close the adjacent ambiguous
TDOAs are to the ambiguous TDOA that is being processed. After all Cj ’s are
calculated, the smallest Cj is determined, and the R̄ that corresponds to the smallest
Cj is taken as the unambiguous TDOA. The smallest Cj values will occur when the
ambiguous TDOA values from each pulse return are clustered around the same value.
As an example, a target located 20km North and 1km East transmits the
short range waveform defined in Section 3.1.5.1. The target transmits the first pulse
at time t = 0s. The TDOA system receives the pulses at the central receive station
and at the right side receive station located at 15km North and 25.981km East. The
receive times of pulses 1 through 4 at the center station and the right side station are
displayed in Table 3.2. The TDOA is calculated for each pulse originally received at

Table 3.2: Receive Time for Pulses 1 through 4
Pulse Number
1
2
3
4

Center Station Receive Time

Right Side Receive Time

66.75µs
176.7µs
276.7µs
356.7µs

184.9µs
294.9µs
394.9µs
474.9µs

the center receive station. The calculated TDOAs are then compared to the expected
maximum TDOA and minimum TDOA and only the TDOAs that are less than the
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maximum TDOA and greater than the minimum TDOA are kept. All calculated
TDOAs for each transmit pulse are displayed in Table 3.3 where the TDOAs that are
kept are displayed in bold. The ambiguous TDOAS are also shown in Figure 3.11.
There are two ambiguous TDOAs for receive pulses 2 and 4 and three ambiguous

Table 3.3: Valid TDOAs for Pulses 2 through 4
Pulse Number
2
3
4

Valid TDOAs
8.2µs, 118.2µs, 218.2µs,298.2µs
−91.8µs, 18.2µs, 118.2µs, 198.2us
−171.8µs, −61.8µs, 38.2µs, 118.2µs

TDOAs for receive pulse 3.
Per the previous discussion, the Hongyuan Correlation algorithm sorts the
ambiguous TDOAs from the smallest to the largest. Table 3.4 displays the sorted
TDOAs. As can be seen in Table 3.4, a cluster of ambiguous TDOAs is around the
actual TDOA of 118.2µs and all the other ambiguous TDOAs are spread out between
the minimum expected TDOA and the maximum expected TDOA.
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Table 3.4: Sorted Valid TDOAs
Ri

Valid TDOAs

R1
R2
R3
R4
R5
R6
R7

8.2µs
18.2µs
38.2µs
118.2µs
118.2µs
118.2µs
198.2µs

35

The Hongyuan algorithm cycles through each sorted ambiguous TDOA and
calculates a Cj from (3.8). In this example, m = 3 and n = 7 since there are 3 unique
PRIs and 7 ambiguous TDOAs. Therefore, j = 0, . . . , n − m = 0, . . . , 4. For j = 0,

C0 =

i=0+3
X

2

|Ri − R̄0 | =

i=0+1

i=3
X

|Ri − R̄0 |2 ,

(3.10)

i=1

or
C0 = |R1 − R̄0 |2 + |R2 − R̄0 |2 + |R3 − R̄0 |2 ,

(3.11)

where R1 = 8.2µs, R2 = 18.2µs, R3 = 38.2µs, and R̄0 = (R1 + R2 + R3 )/3 = 21.5µs.
Thus, C0 equals 466.7µs2 .
For j = 1,
C1 =

i=4
X

|Ri − R̄1 |2 ,

(3.12)

i=2

or
C1 = |R2 − R̄1 |2 + |R3 − R̄1 |2 + |R4 − R̄1 |2 ,

(3.13)

where R2 = 18.2µs, R3 = 38.2µs, R4 = 118.2µs, and R̄1 = (R2 +R3 +R4 )/3 = 58.2µs.
The values of Cj and their corresponding R̄j are shown in Table 3.5. The
smallest Cj occurs when j = 3. The R̄j = R̄3 that corresponds to the smallest Cj is
equal to 118.17us. Thus the unambiguous TDOA is 118.17µs.
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Table 3.5: Example Cj Values
Cj

Coefficient Value

R̄j

C0
C1
C2
C3
C4

466.7µs2
5600µs2
4266µs2
5.51 ∗ 10−28 µs2
4266µs2

21.5µs
58.2µs
91.5µs
118.17µs
144.8µs
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CHAPTER 4

TDOA PASSIVE RADAR SYSTEM SIMULATION

A TDOA Passive Radar System simulation was created to test the effectiveness
of the pulse correlation algorithms discussed in Chapter 3. The simulation utilizes a
2D coordinate frame to propagate a target that transmits waveforms. It is assumed
that each transmit pulse is received with sufficient signal power to be detected and
processed by each receive station.
As described in Section 2.1, the TDOA system consists of three receive stations
that are located in the v configuration shown in Figure 2.1. The side receive stations
are located at a range of Rngside = 30000m from the center receive station. The side
receive station’s position is given by

Xi = [Rngside ∗ cos (θi ) ; Rngside ∗ sin (θi )] ,

(4.1)

where θi is the angle with respect to North, shown in Figure 4.1. For the simulations
in this thesis, the right side receive station’s position is calculated using θ2 = −60◦ ,
and the position of the left side receive station using θ3 = 60◦ .
The transmitter model utilizes pulse characteristics to represent pulses. These
characteristics, or parameters, include the pulse repetition interval (PRI), pulse width,
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Figure 4.1: Side Receive Station Angles

and transmit frequency. Section 4.1 details the overall simulation model structure,
shown in Figure 4.2.
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Figure 4.2: Passive Radar System Simulation Block Diagram

4.1

TDOA Model Structure

The TDOA Simulation uses MATLAB scripts and functions. The main function allows the user to initialize multiple variables that determine the target’s position,
the velocity, the transmit PRIs, and the position of each receive station. The origin
of the 2D coordinate system is always the location of the central receive station. This
allows the simulation to calculate all positions, and time differences, relative to the
central receive station. Using equation (3.3), the maximum expected TDOA for a
range between a center-side station pair of 30000m is T DOAmax = 200µs. Low PRF
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pulses are assumed to have a P RI > T DOAmax and High PRF pulses will have a
P RI < T DOAmax .
During each simulation time step, the model utilizes two functions. One function calculates new target state data and transmit waveforms, and a second function
calculates all passive system parameters. These parameters include pulse receive
times, TDOAs, estimated target positions, and the error between the estimated target position and the actual target position. The Target function is described in detail
in Section 4.1.1, and the passive sensor function in Section 4.1.2.

4.1.1

Target Function
The Target function updates the target’s position and velocity, and transmit

pulse parameters each simulation time step. The target’s initial position is configured
as a East-North position relative to the central receive station. The target is assumed
to have constant velocity in the East-North directions. The target’s next position is
a two element vector given by

T gtP os (ts) = T gtP os (ts − 1) + (T gtV el ∗ ts) ,

(4.2)

where ts is the time step of the simulation, T gtP os (ts − 1) is a two element vector
that represents the target’s position at the last time step, and T gtV el is the two
element vector of the velocity of the target.
After the target’s position is updated, the target’s transmit pulses are created
for the simulation time step. The transmitter can be configured to transmit a LPRF
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pulse or the short range waveform. If the LPRF pulse waveform is being used, the
first transmit pulse is transmitted at time 0sec. The next pulse is transmitted at the
time of the PRI value. The third pulse is transmitted at P RI1 + P RI2 . The LPRF
waveform can utilize a single PRI or a sequence of staggered PRIs. The staggered
PRIs are cycled on a pulse to pulse basis. The algorithm continues the entire time
the target is transmitting.
If the transmitter is using the short range waveform, the first pulse is transmitted at time 0sec. The next pulse is transmitted at the time of the first PRI value.
The third pulse is transmitted at a time equal to the first and second PRI. The algorithm cycles through the PRI values till reaching PRI value three, where it starts
over at PRI value one.

4.1.2

Passive Radar System Function
The Passive Radar Sensor function inputs the transmit times from the Target

function, and outputs the predicted position of the target for each predicted target
position. To do this the receive times for each transmit pulse at each receive station
are calculated using the relationship for τi in equation (2.5). The receive time is

rx timei = tx time + τi ,

(4.3)

where rx timei is the receive time for receive station i, tx time is the transmit time
of a pulse, and τi is the propagation time for the target to receive station i.
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Next, to simulate the processing at the side receive stations, as well as transmitting the received data to the central receive station, the processing delay, δi , and
the transmit time from the side station to the central receive station is added to the
receive time to yield

rx timei−C = tx time + τi + τi−C + δi ,

(4.4)

where τi is the time the pulse takes to travel from the target to receive station i, τi−C is
the time the pulse takes to travel from the receive station i to the central station, and
δi is the processing time of the side receive station. The receive pulses are then sorted
in order of arrival time, from the earliest to the latest, at the central receive station.
TDOAs are calculated from the receive pulses and passed to one of the correlation
algorithms discussed in either Section 3.1 or Section 3.2. After all pulses have been
processed through the correlation algorithms, the passive sensor function calculates
an estimated target position. The error between the predicted target position and the
true target position is calculated and used to compute the accuracy of the estimated
target positions. The values for the predicted position as well as the position errors
are saved. After all predicted positions are saved, the simulation continues to the
next time step until the simulation end time is reached.
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CHAPTER 5

PASSIVE RADAR SIMULATION CONFIGURATIONS AND
RESULTS

Three simulations were conducted to test the ability of the generic and Hongyuan
pulse correlation algorithms to mitigate the ambiguity HPRF waveforms cause in the
determination of valid TDOAs. The first simulation is used to create a baseline by
simulating a LPRF waveform, and demonstrate the effectiveness of the Generic Pulse
Correlation Algorithm to calculate target positions. The simulation configuration and
results are detailed in Section 5.1 and Section 5.1.1. Section 5.2 details the results
of a second simulation where a target transmitted the short range waveform detailed
in Section 3.1.5.1, and the TDOA system utilized the Generic Pulse Correlation Algorithm. The TDOA system was not able to calculate valid target positions in this
simulation. Section 5.3 details the results of a third simulation where a target transmitted the same short range waveform but the TDOA system utilized the Hongyuan
Pulse Correlation Algorithm to calculate target positions. The TDOA system was
able to calculate valid target positions in this case.
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5.1

LPRF Waveform Simulation

A simulation was created to simulate a single target transmitting a LPRF
waveform. The objective of this test was to verify that the Generic Pulse Correlation
Algorithm and the multilateration equations derived in Section 3.1.1 and Section 2.1,
worked with a LPRF waveform. Also, this simulation sets a baseline for comparing
the different correlation algorithms ability to calculate accurate TDOAs and predict
accurate estimated target position for the staggered PRI waveform.

5.1.1

LPRF Waveform Simulation Setup
To configure the simulation, the central receive station was located at the

origin, or (0, 0)m, of the 2D coordinate system. The target initial position, initial velocity, and the side receive stations positions are configured as described in Chapter 4.
The target transmits a LPRF waveform throughout the entirety of this simulation. To
determine a valid PRI for a LPRF waveform, the maximum TDOA expected between
receive stations was calculated in Section 3.1.2 and is equal to T DOAmax = 200µs.
Therefore, a P RI = 400µs was chosen for the LPRF Waveform. The processing station for the TDOA system utilizes the Generic Pulse Correlation Algorithm derived
in Section 3.1.1 to correlate the receive pulses and compute the TDOA values. These
values are used to calculate estimated target position. The estimated target position
was compared to the true target position to compute the error between the two.
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5.1.2

LPRF Waveform Simulation Results
The LPRF waveform simulation was run for 50s. The target and the passive

radar system’s receive station positions are displayed in Figure 5.1, where the dark
blue dot represents the position of the center receive station, the light blue dot represent the position of the left side station, the green dot represents the position of
the right side station, and the red line represents the position of the target at each
timestep in the simulation. The target transmitted a pulse every 400µs starting at
time 0s and continuing to the end of the simulation.

Figure 5.1: Passive Sensor Setup and Target Trajectory

The passive radar system received each pulse at the center station receive station as well as both side receive stations. The pulse data from the side stations were
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transmitted to the central station, where the Generic Pulse Correlation Algorithm
determined the valid TDOA for each pulse originally received by the central station
for each central-side station pair. The calculated TDOA by the Generic Pulse Correlation Algorithm is compared to the actual TDOA in Figure 5.2. The valid TDOAs
that were calculated by the Generic Pulse Correlation Algorithm were utilized in the
multilateration equations to estimate the target’s position. Figure 5.3 displays the
true target position,, and the predicted target position,. As expected, the Generic
Pulse Correlation Algorithm allows for perfect calculation of the target location due
to no noise being modeled.

Figure 5.2: Calculated TDOA vs Actual TDOA
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Figure 5.3: LPRF Simulation Predicted vs True Target Position

5.2

Short Range Waveform Simulation with Generic Pulse Correlation
Algorithm

A second simulation was created to simulate a single target that transmitted
the short range waveform while the TDOA system utilized the Generic Pulse Correlation Algorithm. High PRF waveforms cause multiple receive pulses, originally
received from a single side receive station, to be received before the maximum expected TDOA of a single pulse originally received by the central receive station. This
causes ambiguity in the TDOAs that are calculated. The objective of this test is to
verify that the Short Range Waveform causes ambiguity in the Generic Pulse Correlation Algorithm, which is shown by errors in the predicted position of the target.
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5.2.1

Short Range Waveform with Generic Pulse Correlation Algorithm
Simulation Setup
To setup the simulation, the configuration in Section 5.1.1 was used, except

the Target was configured to transmit the short range waveform instead of the LPRF
waveform. The short range waveform switches between three separate PRIs on a pulse
to pulse basis. The transit time of the first few pulses of the Short Range waveform
are shown in Figure 5.4.

Figure 5.4: Transmit Pulse Time

5.2.2

Short Range Waveform with Generic Pulse Correlation Algorithm
Simulation Results
The Short Range waveform simulation was run for 50s with the target trajec-

tory and the passive radar system’s receive station positions displayed in Figure 5.1.
The passive radar system received each pulse at every receive station. The pulse data
from the side stations were transmitted to the central station, where the Generic
Pulse Correlation Algorithm attempted to determine the valid TDOA for each pulse
originally received by the central station for each central station - side station pair.
The Generic Pulse Correlation Algorithm averages all valid TDOA for a detection
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structure, and the average TDOA is used in the multilateration equations to calculate target position. The average TDOAs are displayed in Figure 5.5. The predicted
target positions and the true target positions are displayed in Figure 5.6, where the
true target positions are represented by the blue dots and the predicted target positions are represented by the red dots. Figure 5.6 shows that the predicted target’s
positions are not accurate. Therefore, the Generic Pulse Correlation Algorithm was
not able to correlate the pulses without error. This is due to the fact that multiple
valid TDOAs occurred for each pulse originally received at the center station.

Figure 5.5: Average TDOA for each Center Station - Side Station Pair
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Figure 5.6: Predicted Target Position vs True Target Position

5.3

Staggered PRI Waveform Simulation with Hongyuan Pulse Correlation Algorithm

A third simulation simulated a single target that transmitted the short range
waveform while the TDOA system utilized the Hongyuan Pulse Correlation Algorithm, detailed in Section 3.2. The objective of this test was to demonstrate the
ability of the Hongyuan Pulse Correlation Algorithm to mitigate ambiguity in the
determination of the TDOA for targets that transmit staggered PRI waveforms.
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5.3.1

Staggered PRI Waveform Hongyuan Pulse Correlation Algorithm
Simulation Setup
The passive radar system was configured the same as in Section 5.2.1 except

the TDOA system utilizes the Hongyuan Pulse Correlation Algorithm. This setup
was used so that the results of the simulation can be compared to the results detailed
in Section 5.2.2. The simulation was run for 50sec and the results are detailed in
Section 5.3.2.

5.3.2

Staggered PRI Waveform Hongyuan Pulse Correlation Algorithm
Simulation Results
The staggered PRI waveform simulation was run for 50s and the target tra-

jectory and the passive radar system’s receive station positions are displayed in Figure 5.1. The passive radar system received each pulse at every receive station. The
pulse data from the side stations were transmitted to the central station, where the
Hongyuan Pulse Correlation Algorithm calculated the ambiguous TDOAs for each
pulse originally received by the central station for each central station - side station
pair. The ambiguous TDOAs are displayed in Figure 5.7, where the red dots are the
ambiguous TDOAs and the blue dots are the True TDOAs. The top subplot displays
the ambiguous TDOAs for the center station - right side receive station pair and the
bottom subplot shows the ambiguous TDOAs for the center station - left side receive
station pair. The Hongyuan algorithm calculates an unambiguous TDOA from the
multiple ambiguous TDOAs. The unambiguous TDOAs are displayed in Figure 5.8
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and are compared to the true TDOA. As expected, the Hongyuan Pulse Correlation
Algorithm properly calculated an unambiguous TDOA, which allowed for accurate
prediction of the target location, displayed in Figure 5.9.

Figure 5.7: Ambiguous TDOAs for each Center Station - Side Station Pair vs True
TDOA
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Figure 5.8: Unambiguous TDOA for each Center Station - Side Station Pair vs True
TDOA
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Figure 5.9: Predicted Tgt Pos vs. True Pos
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CHAPTER 6

CONCLUSIONS

The objective of this thesis was to investigate the ambiguity caused by HPRF
waveforms in TDOA Passive Systems and to implement a method to mitigate said
ambiguity. A HPRF waveform with respect to the TDOA system is defined as any
waveform with a PRI less than the maximum expected TDOA between two receive
stations. The maximum expected TDOA is dependant on the range between two
receive stations and was derived in Section 3.1.2. It was shown that a HPRF waveform
allows for multiple calculated TDOAs that are less than the maximum TDOA. This
causes the ambiguity in the determination of the correct TDOA value.
Two pulse correlation algorithms were considered and a simulation was created to test the algorithms’ ability to calculate a valid TDOA when multiple TDOAs
exist. The first algorithm, the Generic Pulse Correlation Algorithm, utilized known
system data to calculate TDOAs. However, it was shown that when multiple TDOAs
were present, a valid TDOA was not always obtained. This caused errors in computing the predicted target position. A second algorithm, the Hongyuan Algorithm,
was considered as a possible solution. It was shown through an example that this
algorithm is able to calculate a valid TDOA.
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A simulation was created to simulate the TDOA system in an environment
that contained LPRF and HPRF waveforms. The first simulation was configured to
test the TDOA system using the Generic Pulse Correlation Algorithm against a LPRF
waveform. The TDOA system was able to calculate the predicted target position.
The second simulation was configured to test the same TDOA system against
a HPRF waveform, specifically the short range staggered PRI waveform. The second
simulation demonstrated that the Generic Pulse Correlation Algorithm could not
predict an accurate target position when a transmitter used a short range staggered
PRI waveform.
The third simulation was configured for the TDOA system to utilize the
Hongyuan algorithm against the same HPRF waveform as the second simulation.
In this simulation, the Hongyuan Algorithm was able to calculate an unambiguous
TDOA, which led to calculation of a correct predicted target position. In conclusion,
the Hongyuan algorithm was able to mitigate the ambiguity caused by staggered PRI
waveforms that are HPRF waveforms relative to the TDOA system, and predict an
accurate target position.
The passive system detailed in this thesis focused on the algorithms necessary
to calculate accurate TDOAs and utilize these TDOAs to calculate accurate target
positions for a single transmitter. The level of detail in each subsystem of the passive
system in not too great. There are several areas that could constitute more in depth
research and analysis.
The passive system assumed that every pulse was received at each receive
station. An in depth design of the antenna, receiver, and signal processor of the
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receive stations would provide a more accurate characterization of the receive signals.
Also, the TDOAs were calculated using prefect receive times, therefore more research
would need to be done to quantify the measurement error related to calculating the
receive time of a pluse and the effects of this error in the pulse correlation algorithms.
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